A doubly tethered chiral stationary phase (CSP) based on (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid were applied to the liquid chromatographic resolution of racemic tocainide, an antiarrhythmic agent, and its analogues. The chiral recognition efficiency of the doubly tethered CSP for tocainide and its analogues was generally greater than that of the corresponding singly tethered CSP especially in terms of the resolution (RS). The resolution of tocainide and its analogues on the doubly tethered CSP were dependent on the content and the type of the organic and acidic modifiers in aqueous mobile phase and the column temperature. Especially, the retention behaviors of analytes on the doubly tethered CSP with the variation of the content of organic modifier in aqueous mobile phase were opposite to those on the corresponding singly tethered CSP and these opposite retention behaviors were rationalized by the lipophilicity differences of the two CSPs.
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Introduction
Tocainide, 2-amino-N-(2,6-dimethylphenyl)-propanamide, containing a chiral center is a well known antiarrhythmic agent. 1 The (R)-enantiomer of tocainide was reported to be three times more potent than the (S)-enantiomer. 2 Consequently, the determination of the enantiomeric composition of tocainide is quite important. Among various chiral analysis methods for the determination of the enantiomeric composition of chiral drugs, liquid chromatographic separation of enantiomers on chiral stationary phases (CSPs) has been known to be very useful. 3 Previously, several liquid chromatographic CSPs were utilized for the resolution of tocainide. For example, α1-acid glycoprotein silica (AGP), 4 cellulase (CBH I) silica 5 and modified diallyl-tartaramide crosslinked in network and immobilized on silica 6 have been used in the liquid chromatographic resolution of tocainide. Tocainide has one primary amino group. Consequently tocainide can be resolved on crown ether-based CSPs, which have been known to be very effective for the resolution of racemic compounds containing a primary amino group. 7 In our laboratory, we have developed a CSP (CSP 1, Figure 1 ) by bonding (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid to aminopropylsilica gel. CSP 1 was quite effective for the resolution of α-, 8 β-, 9 and γ-amino acids, 10 racemic primary amines, 11 amino alcohols, 11 racemic fluoroquinolone antibacterials, 12 α-amino ketones 13 and di-and tri-peptides. 14 CSP 1 was also applied to the resolution of tocainide and its analogues. 15 The separation of racemic primary amino compounds on CSP 1 has been usually performed under highly acidic condition with an aqueous mobile phase containing sulfuric acid. In this instance, CSP 1 was not ensured to be stable enough for the use of long † This paper is dedicated to Professor Sunggak Kim on the occasion of his honorable retirement.
time. To improve the stability of CSP 1, we have developed a doubly tethered CSP (CSP 2, Figure 1 ) by attaching the second tethering group to silica gel through a carbon atom of the first tethering group of CSP 1. 16 CSP 2 was found to be more stable than CSP 1 as expected and, in addition, CSP 2 was found to be generally superior to CSP 1 in the resolution of various racemic α-and β-amino acids, primary amino alcohols and primary amines. 16, 17 However, tocainide and its analogues have not been resolved on CSP 2.
In this study, we wish to elucidate that CSP 2 is also effective for the resolution of tocainide and its analogues. By comparing the chromatographic resolution results on CSP 2 with those on CSP 1, we expect that the characteristics of CSP 2 in the resolution of tocainide and its analogues are explored. For the resolution of 3d on CSP 2, 30% methanol in water containing 10 mM sulfuric acid and 1 mM ammonium acetate was used as a mobile phase. 
Experimental
Chromatography was performed with an HPLC system consisting of a Waters model 510 HPLC Pump, a Rheodyne model 7725i injector with a 20 µL sample loop, a Waters 486 Absorbance Detector and a YoungLin Autochro Data Module (Software: YoungLin Autochro-2000). The temperature of the chiral column was controlled by using a JEIO TECH VTRC-620 Circulator (Seoul, Korea). Chiral column (150 mm × 4.6 mm I.D.) packed with CSP 2 was available from prior study. 16 Each of racemic and optically active tocainide (3a) and its analogues (3b-3o) shown in Figure 1 , which were prepared from the corresponding racemic and optically active α-amino acids in this laboratory, were available from previous study. 15 Each of racemic and optically active tocainide (3a) and its analogues (3b-3o) was dissolved in water (usually 2.5 mg/mL) and then used for the resolution on CSP 2. The usual injection volume was 0.1 µL.
Results and Discussion
Tocainide (3a) and its analogues (3b-3o) were resolved on CSP 2 with the use of 80% methanol in water containing 10 mM sulfuric acid as a mobile phase and the chromatographic resolution results were summarized and compared to those on CSP 1 in Table 1 . The elution orders shown in Table 1 are identical on the two CSPs and consequently the identical chiral recognition mechanism is expected to operate on the two CSPs. In the resolution of tocainide, CSP 2 was found to be much better than CSP 1 in terms of the separation factor (α) and the resolution (RS). While baseline separation of the two enantiomers of tocainide is not observed on CSP 1 (RS = 0.92), clean baseline separation is observed on CSP 2 (RS = 3.03). Consequently CSP 2 can be practically applied to the determination of the enantiomeric puri- ty of tocainide. The practical usefulness of CSP 2 in the determination of the enantiomeric purity of tocainide is demonstrated by the chromatograms shown in Figure 2 . The comparison of the chromatograms for the resolution of racemic tocainide ( Figure  2a ) and for the resolution of (S)-tocainide prepared from (S)-alanine ( Figure 2b) shows that the enantiomeric purity of the (S)-tocainide is more than 99% ee because the peak corresponding to the (R)-tocainide is not observed in Figure 2b . In the resolution of tocainide analogues (3b-3o), the separation factors (α) are generally greater on CSP 1 than on CSP 2 except for the resolution of 3d, 3g and 3j, but the resolutions (RS) are always greater on CSP 2 than on CSP 1 as shown in Table 1 . Tocainide analogue 3j is not resolved at all and 3g is resolved only slightly on CSP 1, but these two analytes are resolved quite well on CSP 2. Tocainide analogue 3d is not resolved at all on CSP 1 and CSP 2 with the use of 80% methanol in water containing 10 mM sulfuric acid as a mobile phase, but it is resolved quite well on CSP 2 when 30% methanol in water containing 10 mM sulfuric acid and 1 mM ammonium acetate is used as a mobile phase. Overall, CSP 2 is concluded to be more widely applicable in the resolution of tocainide and its analogues than CSP 1.
The retention times denoted by the retention factors (k 1 ) are much greater on CSP 2 than on CSP 1 as shown in Table 1 . By introducing the second tethering group, CSP 2 is expected to become more lipophilic than CSP 1 especially under reverse mobile phase condition and consequently the retention factors (k1) are expected to be greater on CSP 2 than on CSP 1 as observed in the resolution of β-amino acids. 17 In order to characterize the chromatographic behaviors for the resolution of tocainide and its analogues on CSP 2, we three selected analytes (3a, 3i and 3k) and resolved them on CSP 2 with the variation of the content and the type of organic and acidic modifiers in aqueous mobile phase and the column temperature. The chromatographic results for the resolution of selected three analytes (3a, 3i and 3k) on CSP 2 with the variation of the content and the type of organic and acidic modifiers in aqueous mobile phase and the column temperature are summarized in Table 2 . First of all, the effect of the content of organic modifier in aqueous mobile phase on the chromatographic resolution behaviors are quite significant as shown in Table 2 (entry a). Especially the retention behaviors of analytes with the variation of the content of organic modifier in aqueous mobile phase are very interesting. The retention behaviors of the three analytes (3a, 3i and 3k) with the variation of the content of organic modifier in aqueous mobile phase are graphically illustrated in Figure 3 . When the content of methanol in aqueous mobile phase containing 10 mM sulfuric acid is increased from 30% to 50% and then to 80%, the retention factors (k1) for the resolution of the three analytes (3a, 3i and 3k) on CSP 2 decreases continuously (Figure 3b) . These retention trends shown in Figure 3b are exactly opposite to those shown in Figure 3a for the resolution of the identical analytes on CSP 1. 15 Interestingly, the retention factors (k 1 ) for the resolution of tocainide (3a) on CSP 2 slightly increase as the content of ethanol in aqueous mobile phase is increased while those for the resolution of analytes 3i and 3k decrease as shown in Figure 3c . In addition, the decreasing trends of the retention factors (k1) for the resolution of analytes 3i and 3k on CSP 2 are less significant with ethanol than with methanol.
The retention behaviors for the resolution of racemic compounds on CSPs based on crown ethers have been proposed to depend on the balance between the lipophilic interaction of analytes with the CSP and the hydrophilic interaction of analytes with the mobile phase. 7 When the three analytes (3a, 3i and 3k) are resolved on CSP 1, the hydrophilic interaction of analytes with the CSP seems to be predominant over the lipophilic interaction of analytes with the CSP because CSP 1 is relatively less lipophilic. As the content of organic modifier in aqueous mobile phase is increased, the aqueous mobile phase becomes less polar and more hydrophobic and consequently, the hydrophilic interaction of the protonated analytes (R-NH3 + ) with the mobile phase decreases. In this instance, the retention is expected to increase as the content of organic modifier in aqueous mobile phase is increased. Based on this rationale, the increasing trends of the retention factors (k1) shown in Figure 3a have been explained. 15 When a CSP becomes more lipophilic, the lipophilic interaction of analytes with the CSP can be predominant over the hydrophilic interaction of analytes with the mobile phase. As mentioned above, CSP 2 is more lipophilic than CSP 1 because of the second tethering group. In this instance, the lipophilic interaction of analytes with CSP 2 is expected to be predominant over the hydrophilic interaction of analytes with the mobile phase. In this event, as the content of organic modifier in aqueous mobile phase is increased, the polarity of the mobile phase decreases and consequently, the lipophilic interaction of analytes with the CSP decreases and thereby the retention factors (k1) decrease. The decreasing trends of the retention factors should be more significant with more lipophilic analytes. Analyte 3k might be most lipophilic among three selected analytes because of the two phenyl groups while analyte 3a might be least lipophilic because of the least lipophilic methyl group at the chiral center. As can be seen in Figure 3b , analyte 3k shows the most significant decreasing trends of the retention factors (k1).
In addition to the lipophilic interaction of analytes with the CSP, complexation of the primary ammonium group (R-NH3 + ) of analytes inside the cavity of the 18-crown-6 ring of the CSP is another important factor for the retention of analytes. 18 This complexation between the ionic moiety of analytes and the lonepair electrons of the oxygen atoms of the crown ether is more favorable in less polar mobile phase. 18 When ethanol is used as an organic modifier in aqueous mobile phase, the mobile phase becomes less polar compared to the occasion when methanol in used. The lipophilic interaction of analytes with the CSP should be more significant in more polar mobile phase and consequently the retention of analytes should be greater with methanol than with ethanol as an organic modifier in aqueous mobile phase. However, when the concentration of organic modifier in aqueous mobile phase becomes higher (80%), the mobile phase becomes quite less polar and the complexation of the primary ammonium group (R-NH3 + ) of analytes inside the cavity of the 18-crown-6 ring of the CSP becomes important. In this event, the decreasing trends of the retention of analytes is diminished and this phenomena should be more significant with ethanol than with methanol as shown in Figure 3b and Figure 3c . In the case of least lipophilic analyte 3a, the retention factor (k1) even increases when the content of ethanol in aqueous mobile phase is increased to 80%.
The separation factors (α) and the resolutions (RS) were observed to increase as the content of organic modifier in aqueous mobile phase is increased as shown in Table 2 . Complexation of the primary ammonium group (R-NH3 + ) of analytes inside the cavity of the 18-crown-6 ring of the CSP is actually enantioselective. 18 As mentioned above, this complexation becomes significant as the content of organic modifier in aqueous mobile phase is increased and consequently the chiral recognition efficiency denoted by the separation factors (α) and the resolution (RS) might increase as the content of organic modifier in aqueous mobile phase is increased.
As an organic modifier in aqueous mobile phase, methanol, ethanol or acetonitrile was examined. Even though each of three organic modifiers gave comparable chiral recognition results for the resolution of analytes 3i and 3k on CSP 2, analyte 3a was not resolved at all with acetonitrile as an organic modifier in aqueous mobile phase. The reason is not clear yet.
The acidic modifier added to the mobile phase is used to protonate the primary amino group of the analytes and the resulting primary ammonium ions (R-NH3 + ) have been known to be essential for the chiral recognition through the enantioselective complexation inside the cavity of the crown ether ring of the CSP. 7 The chromatographic results for the resolution of the three selected analytes (3a, 3i and 3k) on CSP 2 with the variation of the content and the type of acidic modifier in aqueous mobile phase are summarized in Table 2 (entry b). The retention factors (k1) for the resolution of the three selected analytes on CSP 2 decrease continuously as the content of sulfuric acid in aqueous mobile phase is increased and these decreasing trends are exactly consistent with those on CSP 1. 15 As the content of sulfuric acid in aqueous mobile phase is increased, the ionic strength of mobile phase increases and consequently, the hydration or dissolution of polar-protonated analytes by mobile phase increase and consequently the polar-protonated analytes elute faster. 15 The separation factors (α) and the resolutions (RS) did not show significant change with the variation of the content of sulfuric acid in aqueous mobile phase. In addition to sulfuric acid, perchloric acid or trifluoroacetic acid was also examined as an acidic modifier in aqueous mobile phase, but notable difference among the three acidic modifiers was not observed.
The resolution of the three selected analytes with the variation of column temperature was performed on CSP 2 and the chromatographic resolution results are summarized in Table 2 (entry c). As the column temperature is reduced from 30 to 20 o C and then to 10 o C, the retention factors (k1) and the separation factors (α) increase. The diastereomeric complex formation of the two enantiomers of racemic analytes with the chiral crown ether selector of the CSP is expected to become more favorable at lower temperature and this is more significant with the more stable diastereomeric complex. In this instance, the retention factors (k1) and the separation factors (α) should increase as the column temperature is decreased. However, the resolutions (R S ) were found to decrease as the column temperature is decreased. At lower temperature, the rate of the equilibrium for the formation of the diastereomeric complexes is expected to be slower. In this instance, the chromatographic peaks corresponding to the two enantiomers become broader at lower temperature and consequently, the resolutions decrease as the column temperature is reduced. Figure 4 clearly demonstrates the effect of the column temperature on the resolution of three selected analytes on CSP 2.
In conclusion, CSP 2 prepared previously by introducing the second tethering group into the corresponding singly tethered CSP (CSP 1) was successfully applied to the resolution of tocainide and its analogues. CSP 2 was greater than CSP 1 especially in the resolution of tocainide itself in terms of the separation factor (α) and the resolution (RS). In this event, CSP 2 is practically very useful in the determination of the optical purity of optically active tocainide. The chromatographic behaviors for the resolution of tocainide and its analogues on CSP 2 were dependent on the content and the type of the organic and acidic modifiers in aqueous mobile phase and the column temperature. Especially, the different retention behaviors of analytes between CSP 1 and CSP 2 with the variation of content of organic modifier in aqueous mobile phase were rationalized by the differences in the lipophilicity of the two CSPs.
